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ABSTRACT
Fertilization in mammals requires the successful completion
of many steps, starting with the transport of gametes in the re-
productive tract and ending with sperm-egg membrane fusion.
In this minireview, we focus on three adhesion steps in this mul-
tistep process. The ﬁrst is oocyte ‘‘pick-up,’’ in which the degree
of adhesion between the extracellular matrix of the cumulus
cells and oviductal epithelial cells controls the successful pick-
up of the oocyte-cumulus complex and its subsequent transfer
into the oviduct. The second part of this review is concerned
with the interaction between the sperm and the zona pellucida
of the egg. Evidence is discussed that a plasma membrane form
of galactosyltransferase on the surface of mouse sperm binds to
ZP3 in the zona pellucida and initiates an acrosome reaction.
Additional evidence raises the possibility that initial sperm bind-
ing to the zona pellucida is independent of ZP3. Last, we address
the relationship between sperm adhesion to the egg plasma
membrane and membrane fusion, especially the role of ADAM
family proteins on the sperm surface and egg integrins.
acrosome reaction, fertilization, oviduct, ovum pick-up/transport
INTRODUCTION
The bringing together of two gametes in mammals is a
complex process that starts with cells moving through the
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reproductive tracts of both the male and female organisms
until they arrive close to each other in the female repro-
ductive tract. The subsequent interaction between the two
gametes requires several steps that result in gamete fusion
to produce a zygote. Cell adhesion is a major part of these
unique processes. Cell adhesion is involved in the transport
of both egg and sperm, and it is also integral to the steps
in sperm-egg interaction. In this review, we examine three
separate cell adhesion phenomena: 1) adhesion between the
oviduct epithelial cells and the extracellular matrix of the
oocyte-cumulus complex (OCC), 2) adhesion/signaling be-
tween the sperm membrane and the extracellular coat of
the egg, and 3) adhesion/fusion between egg and sperm
membranes. In each case, we discuss recent studies that
investigate the molecular basis of these adhesion events.
ROLE OF THE CUMULUS MATRIX IN OOCYTE PICK-UP
The OCCs, consisting of an oocyte surrounded by a zona
pellucida and cumulus layer, are ovulated from mammalian
ovarian follicles into the peritoneal or bursal cavity, where
they are picked up by the infundibulum of the oviduct [1–
3]. Pick-up, which is brought about by cilia covering the
outer surface of the infundibulum, is a vital process in re-
production, and its failure to occur can lead to ectopic im-
plantation [2].
The cumulus layer of the OCC contains numerous cu-
mulus cells plus an extracellular matrix that binds the cells
together. The cumulus cells and their matrix are probably
involved in several reproductive processes (summarized in
[4]), including pick-up of the OCC by the oviduct [4, 5].
Cilia that cover the exterior surface of the infundibulum
beat in the direction of the ostium and are important in
moving the OCC into the oviduct. The matrix of the OCC
is rich in hyaluronan [6–10], and numerous proteins are
reported to be present in the matrix, including inter-a-tryp-
sin inhibitor [11], a dermatin sulfate proteoglycan, and a
46-kDa protein [12]. Microscopic studies ﬁrst suggested
that the proteins and hyaluronan are linked together to form
a meshwork comprised of granules and ﬁlaments between
cumulus cells [3, 13, 14]. Inter-a-trypsin inhibitor, which
is present throughout the matrix, was subsequently shown
to become covalently linked to chains of hyaluronan during
cumulus expansion [11], thereby stabilizing the cumulus
matrix and retaining it in the complex.
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facilitated by development of an in vitro procedure, using
hamsters as a model species, that allows video microscopy
to be performed during pick-up [15]. In addition, ciliary
beat frequency, muscle contraction rate, adhesion between
the OCC and infundibulum, and OCC pick-up rate can be
measured quantitatively in the same preparations [4, 16–
18]. Video microscopy has shown that OCC pick-up in-
volves adhesion of the OCC to the surface of the infundib-
ulum [15]. The OCC, which is relatively large, adheres to
the oviductal cilia and slides over the surface of the infun-
dibulum during pick-up. When the OCC reaches the osti-
um, the pick-up process slows while the OCC, which is too
large to pass directly through the opening, churns for sev-
eral minutes in the ostium. During this churning process,
the cumulus matrix becomes compacted, making the di-
ameter of the OCC smaller so that it can move into the
lumen of the infundibulum [15]. QuickTime movies show-
ing pick-up and churning can be viewed on the Internet
(http://www.molbiolcell.org/cgi/content/full/10/1/5). Elec-
tron microscopy shows that adhesion occurs between the
tips of the cilia (speciﬁcally, the ciliary crown) and the
cumulus matrix of the OCC [4]. In electron micrographs,
both protein and hyaluronan appear to adhere to the ciliary
crowns. Adhesion between the cilia and the cumulus matrix
is speciﬁc, because OCCs do not adhere to other intact
epithelial surfaces, including the ciliated cells of the trachea
and the ependyma.
To determine if the cumulus matrix is necessary for pick-
up, unexpanded and expanded hamster OCCs were exam-
ined using an in vitro assay for OCC pick-up [4]. Expanded
OCCs were picked up at the normal rate, as observed pre-
viously [17]. In contrast, unexpanded OCCs, which had cu-
mulus cells but not cumulus matrix, failed to adhere to the
infundibulum and were not picked up at all. Interestingly,
when unexpanded OCCs were placed in the ostium, they
remained in place and were not picked up even though cilia
were beating normally. This experiment demonstrates that
the adhesion occurring between the cumulus matrix and the
ciliary crown is necessary for pick-up to occur in hamsters,
and it further illustrates the importance of the cumulus ma-
trix in reproduction. In the absence of such matrix (i.e.,
unexpanded OCCs), the OCC does not adhere to the infun-
dibulum. In addition, pick-up does not occur, because the
OCC cannot pass through the ostium. In contrast to the
situation for hamsters, the cumulus layer of shrews does
not expand before ovulation, and sperm are able to pene-
trate unexpanded shrew cumulus complexes in the oviduct,
indicating that cumulus matrix is not needed for pick-up in
Insectivora, a more primitive group of eutherian mammals
[19, 20].
An assay was developed to measure adhesion between
the OCC and oviduct with the hamster model [4]. Using
this assay, it was determined that adhesion between the
OCC and cilia is very consistent from measurement to mea-
surement both within and between females. To determine
if modulating adhesion alters the OCC pick-up rate, adhe-
sion was measured using experimental conditions chosen
to either increase or decrease adhesion. When adhesion was
decreased by compressing the cumulus matrix, the OCC
pick-up rate tended to decrease. In addition, OCCs could
not enter the ostium, because they did not adhere well to
the infundibulum. When adhesion was increased, such as
by preincubating the infundibulum in the lectin WGA
(wheat germ agglutinin) or in poly-L-lysine, the OCC pick-
up rate slowed or completely stopped. These results show
that slight changes in adhesion prevent proper pick-up and
emphasize the importance of the correct degree of adhesion
for pick-up to occur normally.
Finally the effects of cigarette smoke solutions on OCC
pick-up and adhesion were examined with the in vitro as-
say. Both mainstream and sidestream cigarette smoke so-
lutions, made as described previously [21, 22], inhibited
OCC pick-up rate, and in most cases, this inhibition was
accompanied by an increase in adhesion. Because increased
adhesion was shown previously to slow the OCC pick-up
rate [4], the smoke solutions likely were decreasing pick-
up rate by increasing adhesion. These observations may
explain why women who smoke have higher rates of ec-
topic pregnancy than women who do not smoke [23].
Taken together, these data show that adhesion between
the cumulus matrix and ciliary crown is necessary for pick-
up of the OCC by the infundibulum in hamsters, that the
degree of adhesion is important for proper pick-up, and that
altering adhesion experimentally or via environmental fac-
tors can preclude proper pick-up and may explain some
cases of ectopic pregnancy.
SPERM RECOGNITION OF THE EGG COAT,
THE ZONA PELLUCIDA
Sperm penetration through the cumulus matrix is facil-
itated by a membrane-bound hyaluronidase [24]. Eventu-
ally, the sperm encounters the zona pellucida, the extracel-
lular coat of the egg where species-speciﬁc gamete recog-
nition is believed to occur. In the mouse, the zona is com-
posed of three glycoproteins, referred to as ZP1, ZP2, and
ZP3, with the sperm-binding activity residing on ser/thr-
linked oligosaccharide chains (i.e., O-linked oligosaccha-
rides) of the ZP3 glycoprotein [25]. Much of the research
on the zona and sperm recognition of the zona has been
carried out using the mouse as a model system. Unless
otherwise indicated, the work reviewed below used mouse
gametes.
Structure of the Sperm-Binding Oligosaccharide on ZP3
Remains Undeﬁned
Although O-linked oligosaccharide chains on ZP3 act as
a binding epitope for sperm, the molecular composition of
the sperm-binding oligosaccharide remains obscure. Com-
petition assays have implicated at least four different mono-
saccharide residues as being critical for initial sperm bind-
ing: 1) a-galactose, 2) b-N-acetylglucosamine (GlcNAc), 3)
fucose, and 4) mannose [26–29]. Insight regarding this ap-
parent paradox comes from two recent observations. First,
immunocytochemical analysis at the ultrastructural level re-
veals that the sugar composition of the zona is heteroge-
neous [30, 31], with some sugars being conﬁned to the
inner portions of the zona pellucida whereas others are dis-
persed uniformly throughout the zona. Thus, competition
assays using soluble glycosides suffer from not knowing
whether the inhibitory sugar being assayed is available to
the sperm at initial binding, during later aspects of zona
penetration, or not at all. In this regard, a-galactosyl resi-
dues are conﬁned to the inner zona matrix and are not ac-
cessible to sperm on the zona surface; consequently, a-
galactose residues are unlikely to participate in initial gam-
ete recognition. Consistent with this, eggs from females
bearing null mutations in a-galactosyltransferase are fertil-
ized normally [32], at least in vivo.
Terminal GlcNAc residues have been implicated in
sperm-zona binding by enzymatic modiﬁcation of either in-
tact zona pellucida or of puriﬁed ZP3 [27]. Immunocyto-3 CELL ADHESION AND FERTILIZATION
chemical studies illustrate GlcNAc residues dispersed
throughout the zona matrix, and one class of O-linked ol-
igosaccharides on ZP3 has been characterized as a small
trisaccharide with a terminal GlcNAc [33]. Although these
data further implicate GlcNAc as a participant in sperm
binding, whether this speciﬁc trisaccharide has sperm-bind-
ing activity is not yet known. Furthermore, structural anal-
ysis of the major classes of O-linked sugars in the mouse
zona pellucida have failed to detect this GlcNAc-terminat-
ing trisaccharide [34], suggesting that it is present in very
small quantities or is degraded during analysis.
Finally, Lewis X-type fucosyl residues are able to com-
petitively inhibit sperm-egg binding, suggesting that these
glycoside structures mimic a sperm-binding oligosaccharide
on the zona [28]. However, these structures are not detect-
able immunocytochemically in the zona pellucida of mice
or rats, making it unlikely that they participate in sperm-
egg interactions [30]. All these results emphasize the need
to interpret competition assays in light of the carbohydrate
composition and heterogeneity that characterize the zona
matrix.
A second recent observation that affects our understand-
ing of sperm-binding macromolecules is that at least two
distinct binding events occur during the early stages of
sperm-egg interaction: a ZP3-dependent and a ZP3-inde-
pendent event (unpublished observations). Thus, which, if
any, binding event is being perturbed by the addition of
soluble competitive glycosides is not known. Similarly, that
the zona matrix is modiﬁed after ovulation by the adsorp-
tion of oviduct-secreted glycoproteins [35, 36] is notewor-
thy. This highlights the possibility that the sperm-binding
glycans exposed on the zona surface are distinct from those
assayed when zona pellucida is isolated from ovarian ho-
mogenates.
A Wide Variety of Sperm Surface Components
Are Implicated in Zona Binding
Sperm proteins thought to participate in zona binding
have been identiﬁed by a range of approaches, including 1)
analysis of mutations that affect fertilizing ability [37], 2)
development of inhibitory monoclonal antibodies (MAbs)
[38], 3) identiﬁcation of sperm proteins that bind zona pel-
lucida afﬁnity columns [39, 40], 4) identiﬁcation of sperm
proteins that can be photoafﬁnity cross-linked to the zona
matrix [41], 5) use of radiolabeled zona glycoproteins to
overlay blots of sperm lysates [42], 6) use of competitive
glycoside substrates [43, 44], and 7) indirect implication
that they require the chaperone, calmegin, for proper fold-
ing and expression [45]. Still other approaches have been
used as well [46]. Some of these sperm proteins have been
speciﬁcally implicated as primary sperm receptors for ZP3
[27, 41, 42], whereas others are thought to function as gen-
eralized adhesive proteins for the zona matrix [39, 40].
Thus far, among the sperm proteins thought to bind ZP3
oligosaccharides in particular, sperm surface b1,4-galacto-
syltransferase-I (GalT) satisﬁes virtually all the criteria ex-
pected of a ZP3 receptor.
Found on the dorsal, anterior aspect of the sperm head,
GalT behaves as an integral membrane protein [47]. On
cauda epididymal sperm, GalT is masked by epididymally
secreted glycoconjugates that are shed from the sperm sur-
face during capacitation, thus making GalT available to
bind its oligosaccharide ligand in the zona [48]. The im-
portance of GalT in sperm-zona binding has been demon-
strated using a series of reagents that block GalT or the
GalT-recognition site on the zona pellucida, all of which
inhibit sperm-zona binding [47–50]. Similarly, blocking or
removing the GalT-binding site on the zona destroys sperm-
binding activity. Sperm GalT selectively binds O-linked ol-
igosaccharides on ZP3, and the interaction between sperm
GalT and ZP3 oligosaccharides is necessary for sperm-zona
binding, as shown by two observations [27]. First, when
GalT-recognition sites in soluble ZP3 are blocked by gly-
cosylation, ZP3 can no longer bind GalT and loses its
sperm-binding activity. Second, removal of the GalT-rec-
ognition site on ZP3 by digestion with GlcNAc results in
a loss of ZP3 sperm-binding activity.
The binding of ZP3 to sperm activates a range of intra-
cellular signal cascades that culminate in fusion of the plas-
ma membrane and underlying outer acrosomal membrane
(i.e., the acrosome reaction) [51]. The best-studied among
these signal cascades involve 1) a pertussis toxin (PTx)-
sensitive, heterotrimeric G-protein [52, 53] and 2) a volt-
age-independent cation channel that regulates membrane
potential, which, in turn, regulates a voltage-dependent cat-
ion channel [54, 55]. These cascades, among others, result
in elevation in [Ca21]i and pHi, which are required for ac-
rosomal exocytosis [54]. The ability of ZP3 to activate
PTx-sensitive G-proteins in sperm appears to involve ZP3-
induced aggregation of GalT, because GalT aggregation, in
the absence of ZP3 binding, induces PTx-sensitive G-pro-
tein activation [56]. Zona binding also activates a sperm
glycine receptor/Cl2 channel that may contribute to the
control of voltage-sensitive calcium inﬂux [57].
As sperm undergo the acrosome reaction, they must re-
main transiently attached to the zona before initiation of
zona penetration. The binding of acrosome-reacted sperm
to the zona may depend on ZP2, because acrosome-reacted
sperm lose afﬁnity for ZP3 and gain afﬁnity for ZP2 [58].
Recent developments suggest that the acrosome reaction
may sequentially release and/or expose speciﬁc components
of the acrosomal matrix, which may stabilize sperm adhe-
sion to the zona matrix [59]. Candidates include sp56 [60],
zonadhesin [61], and other zona-binding proteins associated
with the acrosomal matrix.
After egg activation, cortical granules are exocytosed at
the egg plasma membrane. These vesicles contain various
hydrolases that act on the zona pellucida such that it loses
its ability to bind sperm, thereby blocking subsequent fer-
tilization by other sperm. The loss of sperm-binding activity
is due, at least in part, to the release of b-N-acetylhexosa-
minidase from the egg cortical granules, which destroys the
GalT-binding sites on ZP3 [62].
Altering the Expression of Sperm GalT Affects the Efﬁcacy
of Sperm-Egg Binding
The consequences of either elevating or eliminating
GalT expression have been examined regarding sperm-fer-
tilizing ability. Elevating GalT expression on the sperm sur-
face in appropriate transgenic animals leads to increased
binding of ZP3, increased G-protein activation, and in-
creased sensitivity to zona-induced acrosome reactions
[63]. In contrast, eliminating GalT from the sperm surface
through homologous recombination leads to reduced ZP3
binding and to sperm that are refractory to zona-induced
acrosome reactions [64].
The ability of GalT to function as a signal-transducing
receptor for ZP3 is shown by the heterologous expression
of GalT on the surface of Xenopus oocytes, which acquire
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[65]. The addition of ZP3 or anti-GalT antibodies to GalT-
expressing Xenopus oocytes elicits cortical contraction, en-
velope elevation, and cortical granule exocytosis. This re-
sults from GalT-dependent G-protein activation, as shown
by the ability of ZP3 or anti-GalT antibodies to increase
both GTPg35S binding and GTPase activity as well as by
the ability of PTx to inhibit GalT-induced egg activation.
Finally, mutagenesis of a putative G-protein activation mo-
tif within the GalT cytoplasmic domain eliminates G-pro-
tein activation in response to ZP3 or anti-GalT antibodies.
These results strongly suggest that GalT functions as a ZP3
receptor and that ZP3-induced aggregation activates PTx-
sensitive G-proteins [65]. Thus, GalT appears to be a mem-
ber of the growing family of single-pass membrane recep-
tors that activate, directly or indirectly, heterotrimeric G-
proteins [66, 67].
Sperm from GalT-Null Males Still Bind to the Zona
Pellucida, and Galt-Null Males Remain Fertile
Although GalT-null sperm are unable to bind ZP3 or
undergo a ZP3-dependent acrosome reaction, GalT-null
males remain fertile. Similarly, males with sperm made null
for the acrosomal protease, acrosin, are also fertile [68].
These observations suggest that acrosomal exocytosis spe-
ciﬁcally induced by ZP3-dependent GalT aggregation is not
critical for fertilization. However, the rate of zona penetra-
tion by either GalT-null sperm or acrosin-null sperm is se-
verely compromised relative to wild-type sperm [64, 68,
69], indicating that the degree of acrosomal exocytosis in-
ﬂuences the efﬁcacy of fertilization. By whatever mecha-
nism, the fertilizing sperm must be acrosome-reacted to
bind and fuse with the egg plasma membrane.
Importantly, GalT-null sperm still bind to the coat of
ovulated oocytes, although they do not bind ZP3 [64]. This
implies that GalT binds ZP3 oligosaccharides in the context
of other sperm surface components that are responsible for
the initial docking of sperm to ZP3-independent ligands in
the egg coat. Conceptually, this paradigm is similar to the
concerted action of selectins and integrins in lymphocyte
adhesion to the endothelium [70]. Preliminary studies are
consistent with the egg coat containing at least two distinct
sperm-binding ligands (unpublished observations): 1) one
peripherally associated with the egg coat and responsible
for sperm-egg adhesion and 2) ZP3, a structural component
of the egg coat responsible for inducing the acrosome re-
action. That mouse sperm still bind to eggs in which murine
ZP3 has been replaced with human ZP3 [71] is consistent
with the possibility, among others, that sperm adhesion re-
quires a ZP3-independent ligand on the egg coat.
With this in mind, it is of interest to determine if other
sperm surface components thought to facilitate adhesion to
the zona are responsible for the binding of GalT-null sperm.
Sperm p47 is a particularly attractive candidate for medi-
ating initial sperm-egg adhesion [40]. A peripherally asso-
ciated sperm protein, p47 was identiﬁed by afﬁnity chro-
matography of solubilized sperm plasma membrane pro-
teins bound to immobilized porcine zona pellucida glyco-
proteins [40]. It contains two amino-terminal, tandemly
arranged, epidermal growth factor-like domains followed
by regions similar to the C1 and C2 domains of blood clot-
ting factors V and VIII. The second EGF-like domain con-
tains an RGD sequence, a motif often found in integrin
ligands. The current biochemical evidence strongly favors
a role for p47 during initial gamete adhesion [40], but a
more complete understanding of p47 function must await
the analysis of mice bearing null mutations in p47.
SPERM ADHESION TO (AND FUSION WITH) THE EGG
PLASMA MEMBRANE
After sperm bind to the egg zona pellucida and acrosome
react, they penetrate the zona and enter the perivitelline
space, the extracellular region between the zona and the
egg plasma membrane. There, the ﬁnal adhesion in the fer-
tilization process occurs (i.e., adhesion of the sperm plasma
membrane to the egg plasma membrane). It is thought that
this adhesion normally precedes, and is required for, sperm-
egg membrane fusion [72]. Most of the studies discussed
below used the mouse as the experimental system; use of
other mammalian species is indicated.
Adhesion between the sperm and the egg plasma mem-
branes can be observed in vitro most easily with zona-free
eggs, but observations have also been made with zona-in-
tact eggs. In most cases, the initial contact is between the
tip of the sperm and the egg plasma membrane, followed
by a lateral attachment between the side of the sperm and
the egg. Membrane fusion may occur with the sperm in
either position (perpendicular or parallel to the egg surface),
but fusion is thought to always use the central region of
the sperm plasma membrane (near or at the equatorial re-
gion) [72].
Sperm-Egg Plasma Membrane Adhesion Assay
Measurements of sperm-egg adhesion are made by
counting the number of sperm bound per zona-free egg.
Because the assay conditions used for counting the number
of bound sperm vary widely, comparisons are best made
between samples in a single assay. Even then, however, the
physiological relevance of the number of sperm bound to
a zona-free egg is questionable. The presumption is that
sperm are bound to the egg plasma membrane by a mech-
anism that can result in sperm-egg membrane fusion, such
as the ‘‘tethering’’ or ‘‘docking’’ of membranes observed
before fusion of other types of membranes. Several differ-
ent sperm populations, however, may be included in the
counts of bound sperm. Some of the sperm may be bound
via interactions that will not lead to fusion. For example,
acrosome-intact sperm can bind to zona-free eggs, but they
do not fuse [73]. Also, most counts are performed after an
extended period of sperm-egg coincubation. There could be
considerable difference between the adhesion properties of
sperm that bind early (i.e., before sperm-egg fusion) and
those of sperm that bind late (i.e., after at least one sperm
has fused with the egg), because fusion may change the
ability of the egg to bind additional sperm. Fertilized mouse
eggs are still able to bind many sperm even after they lose
their ability to fuse with sperm (within 1 h after their initial
fusion) [74]. However, this ‘‘late’’ sperm binding may be
of a different type. The question of different sperm avidities
in the sperm-binding assays has recently been addressed,
and it has been suggested that the assay could be improved
by standardizing the washing techniques to select for sperm
binding of higher avidity [75]. Although this partially stan-
dardizes the assay, a direct correlation between avidity and
fusion capability has not been demonstrated. Any of the in
vitro assays may include a heterogeneous population of
bound sperm, including nonphysiologically bound sperm,
along with a speciﬁc population of physiologically relevant
sperm that are tethered or docked before fusion. If the ﬁrst
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ciﬁc) category, changes in the number of physiologically
relevant bound sperm may not be measured. Therefore,
when sperm binding is measured by counting the total num-
ber of sperm bound to the egg plasma membrane in vitro,
the relevance of this measured binding to the fusion of
sperm and eggs is unknown.
Lack of Correlation Between Assays of Sperm Binding
and Sperm Fusion
Recent evidence indicates that counts of the total number
of sperm bound to the egg do not directly correlate with
the level of sperm fusion. Null mutations in either or both
of two different sperm surface proteins (fertilin b and cyr-
itestin) resulted in sperm that lost much of their ability to
bind to the egg plasma membrane but that were still capable
of fusion [76, 77]. By following sperm-egg interactions in
insemination drops in vitro, it was observed that almost
100% of the wild-type sperm contacting the zona-free eggs
remain bound, whereas only approximately 3% of the fer-
tilin b knockout sperm form a lasting attachment to the
zona-free eggs (unpublished observations). This is in spite
of the fact that fusion by fertilin b knockout sperm is only
reduced by 50%. It is also possible to prevent fusion with-
out a measurable effect on sperm binding. For example,
CD9-null eggs bind normal or excessive numbers of sperm,
but sperm-egg fusion is severely limited or does not occur
[78–80]. In addition, inhibition of metalloprotease activity
at the time of gamete interaction can result in normal levels
of bound sperm but no fusion [81].
The basis for this lack of correlation between the total
number of sperm bound to the egg plasma membrane and
the ability of sperm to fuse with the egg has not yet been
resolved. In vitro assays possibly lead to an artifactual sit-
uation in which most of the sperm bound to the egg are in
a holding pattern that allows them to remain bound, but
these sperm are not in a pathway that will lead to fusion.
Although some of these sperm may eventually enter the
fusion pathway, others may remain bound without that ca-
pability. Also, it is possible that this type of irrelevant
sperm binding does not normally occur in vivo. Physiolog-
ical binding, deﬁned as an adhesion of sperm and egg lead-
ing to fusion, may be a step that normally precedes fusion
and that makes it more efﬁcient by providing a pool of
sperm in the ‘‘right position’’ for fusion. However, the ex-
istence of physiologically relevant sperm binding, perhaps
analogous to the ‘‘docking’’ step that occurs during intra-
cellular membrane fusion, has not been proven, and in fact,
it may not be an absolute requirement for sperm-egg fusion.
Molecular Basis of Sperm-Egg Membrane
Adhesion/Binding
During the last 15 years, a model for sperm-egg plasma
membrane binding has developed that suggests sperm-egg
binding results from the adhesion between an integrin on
the egg and an integrin ligand (i.e., the disintegrin domain
of a member of the ADAM family of proteins) on the
sperm. The initial step in the development of this model
was a screen (using an in vitro fusion assay) of a library
of MAbs directed against the guinea pig sperm plasma
membrane, which identiﬁed a sperm surface protein that is
potentially required for sperm-egg fusion [82]. One MAb
(PH-30 MAb) that recognized this protein (fertilin/PH-30)
was able to inhibit fusion with half-maximal inhibition at
140 mg/ml, whereas a control antibody (nonfunction block-
ing, PH-1 MAb) showed no inhibition even at 400 mg/ml.
The ability of sperm to bind to the egg plasma membrane
was not measured in this initial screen. The PH-30 MAb
immunoprecipitated a heterodimeric protein composed of
two subunits, now named fertilin a (ADAM 1) and fertilin
b (ADAM 2) [82]. Sequencing of these two subunits re-
vealed three regions of particular interest: 1) a metallopro-
tease domain (that has a consensus sequence indicating en-
zyme activity in the fertilin a subunit but not in the fertilin
b subunit), 2) a disintegrin domain in both subunits (pre-
viously shown to be an integrin ligand in snake venom
peptides), and 3) a region in the fertilin a subunit that could
be modeled as an amphipathic alpha helix and was there-
fore reminiscent of the fusion peptides of some viruses [83,
84].
Both subunits were subsequently identiﬁed in other
mammalian species [85–88], although some species may
lack the fertilin a subunit [89]. The identiﬁcation and se-
quencing of fertilin b and fertilin a subunits in the mouse
also led to the discovery of many other members in this
new family of proteins (named the ADAM family because
of the presence of a disintegrin and a metalloprotease do-
main) [90]. As new proteins have been identiﬁed, additional
functions have been determined for members of this family,
and it has been found that domains other than the disinte-
grin and metalloprotease domains of the protein may be
functional [91].
The ﬁnding that fertilin and, subsequently, other mem-
bers of the ADAM family were present on the surface of
mature sperm led to the hypothesis that sperm bind via the
disintegrin domain of a sperm ADAM to an egg integrin.
The putative binding site was determined by alignment with
snake disintegrin peptides that were shown to have a short
loop formed by disulﬁde bonds at the base that contained
an RGD (a common sequence for many integrin ligands)
at its tip [91]. Homologous regions of the ADAM family
do not contain RGD; many, but not all, members of the
ADAM family have an ECD in this position. Peptides were
synthesized using the sequence derived from the putative
binding site of the disintegrin domain of guinea pig fertilin
b and were tested by in vitro assays; the results showed a
dramatic reduction in sperm-egg fusion with both zona-in-
tact and zona-free eggs [92]. In subsequent studies using
the mouse, peptides derived from the fertilin b sequence
blocked sperm-egg plasma membrane binding and fusion,
and peptides from cyritestin (ADAM 3) were even more
effective. Peptides from other proteins (fertilin a, ADAM
4, and ADAM 5) had little or no effect [93]. Different pep-
tide and recombinant proteins have subsequently been test-
ed in a variety of species [94]. Inhibition of fusion and
binding by the peptides/proteins has been attributed to pep-
tide/protein binding to an egg receptor (predicted to be an
integrin), thus blocking speciﬁc binding steps required for
fusion.
To better assess the requirement for speciﬁc members of
the ADAM family in binding (and possibly fusion), knock-
out mice were constructed that were null for fertilin b, cyr-
itestin, or both (double knockout). Sperm from each of
these mouse lines showed dramatically (;90%) reduced
binding to zona-free oocytes [76, 77]. The most straight-
forward interpretation of these results is that each of these
proteins is required to mediate sperm-egg plasma mem-
brane binding. However, knocking out either fertilin b or
cyritestin resulted in mature sperm with levels of fertilin a
too low to detect with the available antibodies. In addition,
knocking out cyritestin resulted in a reduction in fertilin b
on mature sperm to 60% of wild-type levels, and knocking6 TALBOT ET AL.
out fertilin b resulted in a loss of cyritestin to 11% of the
level detected in wild-type sperm [77]. Other sperm surface
proteins, GalT, PH-20, and testase 1 (ADAM 24), continued
to be expressed at wild-type levels. Because of this loss of
additional sperm surface proteins in the knockout mice,
possibly other proteins could be lost from the knockout
sperm, including unknown proteins responsible for the
binding of sperm to the egg plasma membrane.
On the egg side, the initial evidence that a disintegrin
might be responsible for sperm-egg membrane adhesion
suggested that the egg adhesion molecule might be an in-
tegrin. Later studies, in fact, demonstrated that a fertilin b
peptide could be cross-linked to the a6b1 integrin on the
egg plasma membrane [95]. An early screen of antibodies
against egg integrins indicated that GoH3, a MAb that rec-
ognizes the a6 integrin subunit, could inhibit sperm-egg
binding, pointing to a6b1 as a receptor for sperm on the
egg plasma membrane [96]. These assays were carried out
with eggs from which the zona had been removed with
chymotrypsin. Subsequent in vitro assays using the GoH3
antibody, however, including assays in which the zona was
removed from oocytes by an alternative method of acid
treatment, did not result in the same inhibition of sperm
binding [97]. Also, no inhibition of the fusion step was
observed when the zona was left intact [98] or in assays
using cumulus-intact eggs [99].
The question of which, if any, integrins are required for
sperm-egg binding (and subsequent fusion) has also been
approached using knockout mice. Recently, oocytes from
mice null for the a6 integrin subunit were shown to have
no reduction in sperm-egg binding (or fusion), demonstrat-
ing that if a6 integrins do participate in sperm-egg adhe-
sion, they are not an absolute requirement [99].
To summarize, the best candidates for a role in sperm
binding to the egg plasma membrane are fertilin b and cyr-
itestin. Sperm null for either of these proteins show dra-
matic reductions in the number of total sperm bound. Be-
cause other sperm proteins may be lost in these knockouts,
this reduction in total sperm binding is possibly caused by
loss of an unidentiﬁed protein (another ADAM?). The role
of integrins in sperm binding is less convincing. The pri-
mary candidate, a6 integrin, has been removed from eggs
by knocking out the gene with no consequent reduction in
total sperm binding or in the potential subset of physiolog-
ical binding that leads to fusion (see below).
Molecular Basis of Sperm-Egg Membrane Fusion
Membrane fusion requires a mechanism in which two
lipid bilayers are transformed from two separate barriers
into a single bilayer. The best-characterized example of
membrane fusion events are intracellular membrane fusion,
associated with membrane trafﬁcking [100], and fusion of
a virus with its host cell [101]. In comparison, the molec-
ular basis of membrane fusion between two eukaryotic cells
is poorly understood.
Sperm surface proteins. Only a few sperm proteins that
are candidates for a role in sperm-egg fusion have been
studied in detail. Recent studies in the mouse using peptide/
protein competition or antibody inhibition indicate a poten-
tial role in fusion for the proteins DE [102] and equatorin
[103]. Both antibody-inhibition and peptide-inhibition stud-
ies have also indicated that fertilin b and cyritestin are re-
quired for sperm-egg fusion. However, more deﬁnitive
studies using gene deletions, including a double knockout
of fertilin b and cyritestin [77], show modest (;50%) [76]
or no inhibition of sperm-egg fusion [77, 104]. This could
reﬂect redundancy of fertilin b and cyritestin, or it could
mean that neither fertilin b nor cyritestin have a role in
fusion. These results are somewhat surprising in light of
the high inhibition of fusion found with disintegrin active-
site peptide studies, but this may indicate that the peptides
act in an unexpected way. For instance, disintegrin peptides
may act through integrins to initiate signaling that blocks
fusion. The signaling pathway may be one that is normally
quiescent during fertilization (in the absence of peptides)
and irrelevant to fusion.
Fertilin a has also been considered to be a prime can-
didate for a fusion protein because of the tantalizing ﬁnding
that guinea pig fertilin a contains a short sequence that
shares structural properties with viral fusion peptides and
that could be modeled as an amphipathic alpha helix. How-
ever, sperm from knockout mice, in which fertilin a could
not be detected by Western blot analysis, were still capable
of fusion [76, 77, 105]
Egg surface proteins. To our knowledge, the identiﬁca-
tion of any egg integrin required for fusion has not yet been
accomplished. The same study in which a6 integrin knock-
out eggs showed no reduction in the number of bound
sperm also found no reduction in sperm-egg fusion [99].
Two studies, however, do give us ideas regarding poten-
tial egg membrane proteins that are key players in sperm-
egg fusion. First, a glycosyl phosphatidylinositol (GPI)-an-
chored protein may be required, because removal of egg
GPI-anchored proteins with PI-PLC (phosphatidyl-inositol-
speciﬁc phospholipase C) results in eggs that can be bound
by sperm but that are greatly inhibited (.95%) in their
ability to fuse with sperm [106]. However, the speciﬁc GPI-
anchored protein that may be active has not been identiﬁed.
A second result is that absence of the tetraspanin protein,
CD9, on the eggs of knockout mice, while not affecting the
number of bound sperm, resulted in an almost complete
loss of fusion ability [78–80]. CD9 was previously impli-
cated as having a role in sperm-egg fusion by antibody-
inhibition studies [107]. So far, the mechanism of CD9
function in fusion has not been clariﬁed, but it may act in
coordination with other egg surface proteins. In other cells,
tetraspanins are reported to associate with different proteins
in the same membrane and are thought to regulate their
function [108]. Recent results suggest that CD9 functions
via its large extracellular loop (EC2) and that a particular
amino acid sequence (SFQ) in the EC2 domain is required
for CD9 function in sperm-egg fusion [109]. Further evi-
dence indicates that interaction between the EC2 loop of
CD9 and another molecule on the egg (not the sperm) sur-
face is responsible for this function [109].
Another intriguing result is the prevention of fusion by
the inhibition of Zn21-dependent metalloprotease activity.
Although inhibitor speciﬁcity points to a member of the
metzincin class of proteases, which includes matrix metal-
loproteases and ADAM family members, the identity of the
metalloprotease, its substrates, or which gamete expresses
it is not known [81].
Considering these ﬁndings, we have much less than a
complete picture regarding the molecular basis of sperm-
egg fusion. Recent results point away from the involvement
of sperm ADAMs or egg integrins. Instead, we know that
egg CD9 function is essential and that a speciﬁc GPI-an-
chored protein will perhaps prove to play a required role.
The sperm proteins required for fusion remain to be estab-
lished.7 CELL ADHESION AND FERTILIZATION
SUMMARY
Molecular adhesion between two cell surfaces can be
either permanent or transitory. In some cases, it serves to
keep cells together, but adhesion can also lead to cell sig-
naling. Adhesion between gametes and surrounding cells,
extracellular matrices, and egg and sperm plasma mem-
branes are all thought to be key steps required for success-
ful fertilization in mammals. Most of these adhesion steps
are by necessity transitory, because gametes must continue
to move forward toward each other. The exception is the
ﬁnal adhesion of the two gamete membranes before mem-
brane fusion. This review concerns three separate adhesion
steps and focuses on work from our laboratories.
An early adhesion step is the binding of the newly ovu-
lated OCC to the ciliary tips of the epithelial cells lining
the distal region of the oviduct. The adhesion is critical for
proper pick-up of the oocyte off the ovary wall following
ovulation. The degree of adhesion controls the pick-up and
subsequent transport and compaction of the complex that
allows its passage into the oviduct lumen, where it will
contact the sperm that are swimming up the oviduct. Al-
tering adhesion experimentally or via environmental factors
can preclude proper pick-up and transport into the oviduct
lumen and may explain some cases of ectopic pregnancy.
The molecular basis of this adhesion step depends on the
accessibility of the cumulus matrix, which contains both
hyaluronan and protein. The receptor for the matrix on the
oviductal epithelial cells is currently unknown.
The second adhesion step discussed is that between the
mouse sperm plasma membrane and the zona pellucida. A
long history of investigation in the mouse has pointed to a
requirement for an interaction between an O-linked oligo-
saccharide of the zona glycoprotein, ZP3, and an unknown
sperm receptor on acrosome-intact sperm. No general
agreement exists regarding which speciﬁc sugars of the
zona are required for this interaction. This question is fur-
ther complicated by the fact that the zona is heterogeneous
in the localization of carbohydrate groups, so that some
sugars may not be available to sperm on the outer edge of
the zona where sperm ﬁrst bind.
Identiﬁcation of the sperm membrane receptor for the
zona also remains elusive, even though a wide variety of
sperm surface components have been implicated. One
sperm surface protein, GalT, was found to satisfy many of
the criteria expected of a ZP3 receptor. Furthermore, it was
shown, using a heterologous expression system, that GalT
functions as a signal-transducing receptor for ZP3. Addi-
tional studies of GalT function have examined what hap-
pens to the fertilization ability of sperm when sperm surface
expression of GalT is either elevated or eliminated. Ele-
vating GalT expression on the sperm surface in transgenic
mice results in increased binding of ZP3 and increased sen-
sitivity to zona-induced acrosome reactions. In contrast,
eliminating GalT from the sperm surface through homolo-
gous recombination leads to reduced ZP3 binding and to
sperm that are refractory to zona-induced acrosome reac-
tions. Although GalT-null sperm are unable to bind ZP3 or
to undergo a ZP3-dependent acrosome reaction, GalT-null
males are still fertile. Surprisingly, GalT-null sperm can
bind to the coat of ovulated oocytes, although they do not
bind ZP3. This implies that GalT binds ZP3 oligosaccha-
rides in the context of other sperm surface components that
are responsible for the initial docking of sperm to ZP3-
independent ligands in the egg coat. Identiﬁcation of these
additional ligands and sperm surface components awaits
further investigation.
The ﬁnal adhesion step in fertilization is the binding of
sperm to the egg plasma membrane. In vitro assays include
binding of supernumerary sperm that may be bound by a
mechanism distinct from that of the fusing sperm, and such
assays may complicate study of the adhesion required for
sperm-egg fusion. Fusion of sperm and eggs is inhibited by
the elimination of either GPI-anchored proteins or CD9
from the egg surface. Currently, no clear evidence suggests
the participation of egg integrins in either sperm-egg bind-
ing or fusion. The ADAM family proteins on the sperm
surface may participate in the adhesion of sperm and eggs
that precedes fusion, but if so, the sperm ADAMs must be
redundant with other proteins (and perhaps even with other
sperm ADAMs). Sperm that are null for both fertilin and
cyritestin (the two ADAM proteins most studied in con-
junction with sperm-egg adhesion) are still capable of fu-
sion with eggs.
Adhesive properties of gametes are key to their changing
interactions with various surfaces contacted on the route to
fertilization. Understanding the molecular basis of these ad-
hesive events is an active area of research, but many ques-
tions remain unanswered. It is apparent, however, that new
tools, including the construction of mice with null muta-
tions for speciﬁc proteins, are proving useful in studying
the cell biology of different steps in gamete adhesion.
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